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[1] In part I, the influence of cloud microphysics and dynamics on the shape of cloud
radar Doppler spectra in warm stratiform clouds was discussed. The traditional analysis of
radar Doppler moments was extended to include skewness and kurtosis as additional
descriptors of the Doppler spectrum. Here, a short climatology of observed Doppler
spectra moments as a function of the radar reflectivity at continental and maritime ARM
sites is presented. The evolution of the Doppler spectra moments is consistent with the
onset and growth of drizzle particles and can be used to assist modeling studies of drizzle
onset and growth. Time‐height radar observations are used to exhibit the coherency of
the Doppler spectra shape parameters and demonstrate their potential to improve the
interpretation and use of radar observations. In addition, a simplified microphysical
approach to modeling the vertical evolution of the drizzle particle size distribution in warm
stratiform clouds is described and used to analyze the observations. The formation rate
of embryonic drizzle droplets due to the autoconversion process is not calculated explicitly;
however, accretion and evaporation processes are explicitly modeled. The microphysical
model is used as input to a radar Doppler spectrum forward model, and synthetic radar
Doppler spectra moments are generated. Three areas of interest are studied in detail: early
drizzle growth near the cloud top, growth by accretion of the well‐developed drizzle,
and drizzle depletion below the cloud base due to evaporation. The modeling results are in
good agreement with the continental and maritime observations. This demonstrates that
steady state one‐dimensional explicit microphysical models coupled with a forward model
and comprehensive radar Doppler spectra observations offer a powerful method to explore
the vertical evolution of the drizzle particle size distribution.
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1. Introduction

[2] The presence of particle size distributions (PSDs) with
separate diameter ranges makes the interpretation of radar
observations challenging. The dependency of the backscat-
tering cross section on the sixth moment of the particle
diameter often makes the contribution of drizzle particles to
the radar observables disproportionate to their contribution
to the total particle number concentration and cloud liquid
water content. Another impediment in understanding the
radar observations is the impact of turbulence that disrupts
the correspondence between observed radar Doppler velocity
and particle size. These challenges are discussed in detail in
part I [Kollias et al., 2011]. New parameters that describe the
shape of the radar Doppler spectrum (skewness and kurtosis)
were introduced. A comprehensive approach that links radar

Doppler spectrum parameters to cloud microphysics and
dynamics was described. Part 1 focused on the application
of this new approach in remote sensing of drizzling clouds
using profiling millimeter wavelength radars. In particular, a
new drizzle detection method was presented based on the
presence of positive Doppler spectra skewness values and
the use of these new parameters in constraining moment‐
based retrievals of drizzle parameters was discussed.
[3] Here (part 2), comprehensive profiling cloud radar

observations are combined with microphysical modeling to
study the onset, growth and depletion of drizzle particles in
warm stratiform clouds. Although warm rain microphysics
is considered a well‐established area of cloud physics [e.g.,
Stevens et al., 2003; Khairoutdinov and Kogan, 1999], the
parameterization of marine stratus clouds in GCMs is a chal-
lenge of current concern, particularly due to poor represen-
tation of drizzle. Observations [Miller et al., 1998; Albrecht,
1989] and modeling studies [Albrecht, 1993; Lenderink
and Siebesma, 2004; Stevens et al., 1998] have shown
that drizzle is important principally because it is involved
in determining the cloud lifetime and evolution. Along with
in situ measurements from microphysical probes, profiling
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radar Doppler spectra are some of the few available obser-
vational methods that provide vertical information on the
particle size distribution (PSD). On the modeling side, only
explicit bin microphysical schemes provide PSDs, as bulk
schemes a priori assume a PSD [e.g., Kogan et al., 1995;
Khairoutdinov and Kogan, 1999]. The use of the cloud radar
Doppler spectra simulator [Kollias et al., 2011] makes pos-
sible the direct comparison between observations and explicit
microphysics model output. The use of forward models to
bridge the observations has recently received special attention
[Klein and Jakob, 1999; Chepfer et al., 2008; Haynes et al.,
2007].
[4] The cloud radar observations presented here are from

one continental and one maritime site operated by the U.S.
Department of Energy (DOE) Atmospheric Radiation Mea-
surement (ARM) Climate Research Facility (described in
part 1). The observations are provided in the form of dis-
tributions of values of mean Doppler velocity, spectrum
width, skewness and kurtosis as a function of the radar
reflectivity. In addition, detailed time‐height radar obser-
vational snapshots are presented to highlight the vertical and
horizontal structure of the radar Doppler spectra moments.
In parallel, a simple 1‐D explicit microphysics model that
treats the vertical evolution of drizzle particles in and below
the cloud is introduced. The output of the microphysical
model is provided as input to the radar Doppler spectra
forward model [Kollias et al., 2011] and the output Doppler
spectra are used to estimate the radar observables. Using
the simulator, many of the observed trends are successfully
modeled and interpreted. This includes the early growth of
drizzle due to autoconversion and accretion near the top of
the cloud layer, and the subsequent growth and then
depletion of drizzle particles due to accretion and evapo-
ration respectively during their fall.

2. Observations of Radar Doppler Spectra
Moments

[5] Observations from a continental (SGP: Southern Great
Plains) and a maritime (Graciosa Island) ARM sites were
used to develop a short climatology of observed cloud radar
Doppler spectra moments in low stratiform clouds. The
continental data set is from a 35 GHz Doppler cloud radar
(MMCR: Millimeter‐wavelength Cloud Radar) and the
maritime data set from a 95 GHz Doppler cloud radar
(WACR: W band ARM Cloud Radar). The operational
settings of the radars (described in part 1) are very similar.
Measurements from a collocated ceilometer and/or micro-
pulse lidar were used to estimate the cloud base height and
only the radar Doppler spectra above the cloud base (e.g.,
cloud droplets are always present) are considered for the
climatology (Figure 1). The continental cases were observed
between May 2006 and January 2007, while the maritime
ones were taken from May 2009 to February 2010. Single
cloud layer cases were selected with and without drizzle
particles below the cloud base. The temperature within the
cloud was required to be above the freezing level to discard
any possible ice process. Finally, a cloud mask was used in the
SGP data set to get rid of any clutter that could have contam-
inated the data (e.g., insects). A total of 1.36 and 0.66 million
recorded radar Doppler spectra were used to develop the
maritime and continental climatology respectively.

[6] The distributions of the observedmeanDoppler velocity,
spectrum width, skewness and kurtosis of the radar Doppler
spectra as a function of the observed radar reflectivity at both
sites are shown in Figure 1. The choice of radar reflectivity for
this coordinate is based on its frequent use as a measure of
whether large particles are present in the radar sampling
volume. Although the observations are collected over a wide
range of atmospheric conditions, the distributions exhibit
systematic variability and trends. The most noticeable feature
is a narrow radar reflectivity regime that signals the transition
from the low radar reflectivity returns of radar Doppler
moments dominated by turbulence contributions, to higher
radar reflectivity returns where drizzle particle growth pro-
cesses also contribute to the observed variability [e.g.,
Kollias et al., 2011]. Starting with the mean Doppler velocity
(Figure 1a), at low radar reflectivities, the mean Doppler
velocity exhibits a distribution with a near‐zero mean. The
dominant contribution to this part of the distribution is the
radar sampling volume‐average vertical air motion. The near‐
zero mean illustrates the lack of preference in updraft/down-
draft vertical air motion and the width of the distribution can
be used to infer the turbulence intensity in stratiform clouds
[e.g.,Kollias and Albrecht, 2000]. At higher reflectivities, the
mean Doppler velocity distributions shift toward positive
(downward) values indicating the downward bias introduced
by the drizzle particles’ terminal velocity. The maritime data
set exhibits higher mean Doppler velocity values for the same
reflectivity range, illuminating the presence of larger drizzle
droplets in maritime stratiform clouds. Noticeably, at the
−16 dBZ to −4 dBZ regime, continental clouds have higher
mean fall velocity than their maritime counterparts (Figure 1a,
right). This is mainly caused by few observations with very
large values of Doppler velocity and the spectrum width
(Figure 1a, left and Figure 1b, left), absent in the maritime
cases. The median value of velocity in this reflectivity regime
remains however lower in continental than in maritime
clouds, except between −17 and −14 dBZ. The transition
regime from cloud dominated to drizzle dominated regime is
sharper in the continental data set. The reflectivity value
where the transition occurs is likely influenced by the cloud
droplets’ number concentration [Liu et al., 2008], variations
in which would have greater impact in the maritime envi-
ronment, as it is generally characterized by smaller number
concentrations. This is also supported by the fact that the
continental transition occurs at a higher reflectivity range
(from −20 to −15 dBZ) than the maritime (between −30 and
−20 dBZ).
[7] A similar transition is observed in the distribution

of the Doppler spectrum width as a function of the radar
reflectivity for the continental clouds. At low radar reflectiv-
ities (below −20 dBZ), the Doppler spectrum width is
invariant with radar reflectivity (∼0.15 ms−1). In this regime,
turbulent contributions to the observed spectrum width domi-
nate through the turbulence broadening term (dependency
on the turbulent dissipation rate). At the very low radar
reflectivities (close to −40 dBZ), the poor signal‐to‐noise
conditions are biasing the estimates of the spectrum width.
Such a feature is not observed in the corresponding maritime
distribution of spectrum width observations since the
WACR is more sensitive than the MMCR. At higher radar
reflectivities (−20 to −15 dBZ), the spectrum width “jumps”
to a higher value (∼0.25 ms−1). This indicates the increasing
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contribution of PSD broadening to the observed Doppler
spectrum width values due to drizzle growth. At even higher
radar reflectivities, the spectrum width continues to slowly
increase. The maritime distributions of Doppler spectrum
width have several distinct differences compared to their
continental counterparts. A steady increase of the Doppler
spectrum width (from 0.15 to 0.3 ms−1) is observed at low
radar reflectivities. Since there is no reason to expect a sys-
tematic increase of in‐cloud turbulencewith radar reflectivity,
the observed increase in attributed to microphysical factors. It
clearly indicates that drizzle particles exist in maritime clouds
at very low reflectivities. Another interesting feature is the
differing tendencies in the maritime and continental clouds
within the reflectivity regime higher than about 0 dBZ. While
the average spectrum width in the continental clouds remains

almost constant, in the maritime clouds the observations
show a significant increase of the spectrum width with
reflectivity. This discrepancy will be examined using mod-
eling in section 4.2.
[8] The distribution of the skewness of the radar Doppler

spectrum as a function of the radar reflectivity for continental
clouds is also marked by a very sharp transition between −15
to −20 dBZ. At very low radar reflectivity values the skew-
ness is near zero with a very small positive bias. Small‐scale
turbulence dominated radar Doppler spectra will have a
symmetric shape (zero skewness); however under minimal
turbulence conditions a small positive skewness bias can be
observed [Kollias et al., 2011]. From −40 dBZ to the very
sharp transition regime (−20 to −15 dBZ) the skewness
increases little with radar reflectivity. This is consistent

Figure 1. Distribution of the observed radar Doppler spectra parameters ((a) mean Doppler velocity,
(b) spectral width, (c) skewness, and (d) kurtosis) as a function of the radar reflectivity. Shown are
distributions from inside (left) continental and (middle) maritime stratocumulus clouds. The colors repre-
sent the percentage of the data found in each reflectivity bin (2 dBZ wide), while the black lines correspond
to the mean (solid line) and standard deviation (dashed line) of the distributions. (right) Comparison of the
mean (solid lines) and median (dash‐dotted lines) of the continental (green lines) and maritime (blue lines)
distributions.
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with the early growth of drizzle particles because these
drizzle particles do not have the size or fall velocity to
induce large changes in the Doppler spectra skewness. In
the transition regime, the skewness sharply becomes neg-
ative and remains negative for higher radar reflectivity
values. This is consistent with the presence of a drizzle
spectral peak that is higher than the cloud spectral peak. The
maritime skewness distributions exhibit similar tendencies
as a function of the radar reflectivity; however, there are
two differences. In the low radar reflectivity regime (below
−20 dBZ), the skewness increase is more noticeable than in
the continental case. This is consistent with early growth of
drizzle particles that have sizes large enough to impact the
skewness of the Doppler spectrum. This observational fea-
ture will be examined using modeling in section 4.1. It is
plausible that different aerosol loading conditions are respon-
sible for the observed skewness differences in the continental
and maritime clouds. Furthermore, in the transition regime,
the change in sign of the skewness (from positive to negative)
is smoother and occurs over a larger radar reflectivity range.
[9] Finally, the distribution of the kurtosis of the radar

Doppler spectrum as a function of the radar reflectivity is
shown in Figure 1d. In the transition regime (−25 to −20 dBZ
and −20 to −15 dBZ for the maritime and continental clouds
correspondingly), the kurtosis develops a local minimum
that is consistent with the presence of relatively flat (wide)
radar Doppler spectra. Flat radar Doppler spectra can be
induced by the relatively equivalent contributions from the
cloud and drizzle PSD. At radar reflectivity values lower than
the transition regime, the kurtosis exhibits a local maximum
with relatively peaked Doppler spectra. This is consistent
with the increase in the spectral density of the cloud peak due
to condensational growth. At radar reflectivity values higher
than the transition regime, kurtosis acquires higher values
driven by drizzle particle growth.
[10] Time‐height cloud radar observations of a drizzling

marine stratus cloud observed by the WACR at the ARM
Mobile Facility Graciosa site are provided in Figure 2. A
30 s low‐pass filter has been applied to the high‐resolution
radar measurements to remove the (zero mean) influence
of small‐scale wind shear across the radar sampling volume
on the radar Doppler moments. Measurements from a collo-
cated ceilometer and/or micropulse lidar are used to esti-
mate the cloud base height (black line in Figure 2). The
observations cover 72 min of nighttime observations. The
laser‐detected cloud base and the radar‐detected cloud top
define the cloud layer, and its average cloud thickness is
250–300 m. During the strong drizzle episode (3.5–4.1 UTC),
the maximum radar reflectivity is observed in the middle and
lower part of the cloud layer, consistent with drizzle growth.
Below the cloud base, a deep virga layer is observed with
strong evaporation as indicated by the weakening of the
drizzle radar reflectivity toward the surface. The Doppler
velocity observations also indicate stronger fall velocities
(positive) at the middle and lower part of the cloud layer.
Below the cloud base, the height‐averaged Doppler velocity
decreases; however, the turbulence contribution makes the
interpretation challenging.
[11] The same statement is valid for the spectrum width

observations. Above the cloud base, higher spectrum width
values are observed; however, high spectrum width values
do not always coincide with high reflectivity values. This

indicates the strong contribution of turbulence on the
observed spectrum width values. The last two panels show
the time‐height mapping of Doppler spectra skewness and
kurtosis. Turbulence within the radar sampling volume acts
to shift skewness values to zero and kurtosis values to a
value of three. However, in Figure 1, it was illustrated that
skewness and kurtosis maintain important information about
cloud microphysics. A noticeable feature of the Doppler
spectra skewness is the presence of positive values near the
cloud top. This is consistent with the development of a drizzle
Doppler spectral “tail” and consistent with drizzle onset via
the autoconversion process and its early growth by cloud
accretion. Lower in the cloud layer, a sharp shift to negative
skewness values is observed. This is consistent with Doppler
spectra where the cloud radar reflectivity is less than the
drizzle radar reflectivity. This extends below the cloud base
and finally the evaporation process shifts the Doppler spectra
skewness to zero and positive values. The impact of evapo-
ration on radar observations will be examined in section 4.3.
The kurtosis of the Doppler spectrum exhibits a local mini-
mum near the middle of the cloud. This is consistent with the
presence of a kurtosis minimum in the radar reflectivity
transition zone.
[12] Time‐height cloud radar observations of a drizzling

continental stratus cloud observed by the MMCR at the
ARM SGP site are provided in Figure 3. A 30 s low‐pass
filter has been applied to the high‐resolution radar mea-
surements to remove the (zero mean) influence of small‐
scale wind shear across the radar sampling volume on the
radar Doppler moments. The observations cover 66 night-
time minutes. The laser‐detected cloud base and the radar‐
detected cloud top define the cloud layer and its average
cloud thickness is 400 m. At the beginning of the observing
period (5.4–5.8 UTC), light drizzle is observed, as indicated
by the radar reflectivity echoes below the cloud base. The
drizzle reflectivity values below the cloud base are low
(−35 to −45 dBZ) indicating small diameter drizzle particles.
This is consistent with the radar reflectivity maximum near
the cloud top, resulting from the cloud PSD profile domi-
nating the radar reflectivity profile. In the absence of the
virga echoes, it is difficult to infer the presence of drizzle
particles in the cloud layer from the observed radar reflectivity
values alone. The time‐height mapping of the Doppler
velocity and spectrum width provides supporting informa-
tion for the presence of drizzle in the cloud layer. Higher
positive (downward) Doppler velocities are observed near
the cloud base along with higher spectrum width values.
Similarly, as we observed in the maritime case, high spectrum
width values do not always coincide with high reflectivity
values. The skewness of the radar Doppler spectrum is very
close to zero, indicating cloud dominated Doppler spectra
[Kollias et al., 2011]. Localized areas (pockets) of positive
skewness are found that coincide with drizzle virga below
the cloud base. This suggests that skewness is a very powerful
indicator of early drizzle particle growth [Kollias et al., 2011].
Finally, the kurtosis of the radar Doppler spectra on average
exhibits values higher than 3. A layer of lower kurtosis values
is observed 100–150 m below the cloud top.
[13] The analysis of profiling cloud radar observations of

drizzling clouds has identified several noticeable features.
These include: (1) the evolution of Doppler spectra moments
during early drizzle production near the cloud top and
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Figure 2. W band radar Doppler spectra moments: (a) reflectivity, (b) mean Doppler velocity, (c) spec-
tral width, (d) skewness, and (e) kurtosis at the ARM AMF Graciosa site during a 72 min period collected
on 29 November 2009. The black line represents the corresponding cloud base as detected by a collocated
Vaisala ceilometer.
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Figure 3. K band radar Doppler spectra moments: (a) reflectivity, (b) mean Doppler velocity, (c) spectral
width, (d) skewness, and (e) kurtosis at the ARM SGP site during a 66 min period collected on 28 March
2008. The black line represents the corresponding cloud base as detected by a collocated Vaisala ceilometer.
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subsequent growth in the cloud layer, (2) the observed
differences in continental and maritime Doppler spectra
moments, and (3) the evolution of the Doppler spectra
moments below the cloud base under the action of evapo-
ration. These features will be examined in sections 3 and 4
with a simplified modeling approach used to describe
microphysical processes in low stratiform clouds.

3. General Description of the Simplified
Approach Used to Model Microphysical Processes
in Low Stratiform Liquid Clouds

[14] The evolution of the drizzle PSD spectral mode
within a cloud layer is represented by its decomposition into
individual spectra originating from the autoconversion pro-
cess at different levels. With some simplifying assumptions
about the microphysical growth processes, the approximate
evolution of an individual drizzle spectrum as a function of
distance fallen is obtained from a general equation describing
spectrum development under steady state conditions. The
initial input spectrum is prescribed. The spectrum develop-
ment equation is also used to simulate the effects of evapo-
ration on the drizzle PSD in the subcloud layer.
[15] In our simplified approach, the formation rate of

embryonic drizzle droplets via the autoconversion process is
not calculated explicitly. The shape of the initial drizzle
distribution is prescribed, but its total number concentration
is estimated from the formation rate of embryonic drizzle
that is parameterized as a function of the assumed cloud
droplet number concentration and LWC profile at/above a
level at which the spectrum is introduced.

3.1. Description of the Vertical Evolution
of an Individual Drizzle Spectrum

[16] Starting from a specified drizzle spectrum at a level z0,
its evolution in steady state conditions follows this general
relation:

@

@r
nd

dr

dt

� �
þ @

@z
nd

dz

dt

� �
¼ 0;

where nd (r, z) represents the drizzle droplet size distribution.
This relation neglects the introduction of new droplets by
autoconversion, self‐collection, breakup and complete evap-
oration below the cloud base [Gossard et al., 1990; Rogers
et al., 1991]. The assumption that droplets fall vertically at
their terminal velocity (no vertical and horizontal air
motion) leads to dz/dt = Vf, with z oriented downward. The air
density correction term for fall speed is not taken into
account. The expansion of the last relation gives the following
partial differential equation:

dr

dt

����
PRC

@nd
@r

þ Vf
@nd
@z

¼ �nd
@

@r

dr

dt

����
PRC

þ 1

Vf

dVf

dr

dr

dt

����
PRC

� �
:

ð1Þ

The term dr/dt|PRC, describing the growth rate of the droplets
due to microphysical processes at a given level z, can be
approximated for a given process PRC by a power law:

dr

dt

����
PRC

¼ A zð ÞrB: ð2Þ

The analytical solution of (1) is obtained assuming that, in a
given layer, the evolution of the drizzle spectrum is mainly
through one microphysical process described by a unique
relation (2), and with the sedimentation parameterized by a
unique prescribed power law velocity‐size relationship
applied for an entire subrange of sizes of interest

Vf ¼ �r�: ð3Þ

The solution of (1) describing the approximate drizzle PSD
as a function of distance fallen z − z0 is obtained in the
following form:

nd r; zð Þ ¼ f �þB
r;z n0 fr;z � r; z0

� �
; ð4Þ

with

fr;z ¼ fr;z r;W;B; �; �ð Þ ¼ 1þ B� � � 1

�
WrB���1

� ��1= B���1ð Þ
;

ð5Þ

where n0(r, z0) is an initial spectrum at the initial level z0
and W ≡

R z
z0

A(z)dz is the vertically integrated value of A
introduced in (2).
[17] The relation (4) shows that the PSD at a level z can

be described by the initial distribution at z0 displaced along
the radius axis by an amount Dr = r ( fr,z − 1), which is a
function of radius and the fr,z term. Moreover, the number
concentration changes by a multiplication factor of fr,z

b+B.
The input PSD spectra n0(r, z0) are assumed to take the
form of an analytical function such as lognormal or gen-
eralized gamma distributions.

3.2. Parameterization of Microphysical Processes

3.2.1. Growth by Accretion
[18] The drizzle starts when a few cloud droplets traverse

the gap between the cloud size regime, dominated by the
condensational growth, and the drizzle regime, dominated
by growth via the cloud droplet collection process called
accretion ACC.
[19] The growth by accretion of a droplet of radius r

collecting cloud droplets (r′) with volume v(r′) is given by:

dr

dt

����
ACC

¼ 1

4�r2

Z rmax

rmin′
K r; r′ð Þv r′ð Þn r′ð Þdr′; ð6Þ

where K(r, r′) denotes the collection kernel. At the first
stage of collectional growth, the small drizzle embryos grow
by collection of cloud droplets with a rate that is very small.
However, this rate increases rapidly with size due to the
increasing collection efficiency. When the drizzle droplets
attain 50–60 mm in radius, the collection efficiency becomes
mostly size‐independent and cloud accretional growth
becomes a continuous collection process. To parameterize
the collection process, several forms of the kernel function in
(6) have been proposed. An approximate form, mathemati-
cally simple, is the one derived by Long [1974] describing
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the kernel dependence on size with the division between the
two regimes taken at 50 mm:

K r; r′ð Þ � a� r
3� ð7Þ

r ¼ rsmall < 50�m : � ¼ �1 ¼ 2; a�1 ¼ 1:93 � 1017m�3s�1

ð70Þ

r ¼ rl arg e � 50�m : � ¼ �2 ¼ 1; a�2 ¼ 2:65 � 104s�1

ð700Þ

Using Long’s kernel we obtain from (6):

r ¼ rsmall < 50�m :
dr

dt

����
ACC1

� a�1
4��w

r4 LWC ¼ C1LWC r4

ð8aÞ

r ¼ rl arg e � 50�m :
dr

dt

����
ACC2

� a�2
4��w

r LWC ¼ C2LWC r

ð8bÞ

where LWC denotes cloud liquid water content: LWC =
rw

R rmax

rmin′
v(r′)n(r′)dr′ with rw liquid water density. Therefore,

the application of Long’s kernel introduces the threshold
behavior of the accretion process with two stages of drizzle
growth. The accretion process for very small drizzle dro-
plets, given in (8a) and hereinafter referred to as ACC1,
describes the growth of drizzle embryos freshly transferred
from the cloud to the drizzle category. This drizzle regime is
similar to the so‐called “large‐cloud‐droplet mode” in the
bulk parameterization of Saleeby and Cotton [2004]. The
second drizzle growth regime, given in (8b) and hereinafter
referred to as ACC2, represents continuous accretional
growth and relates to the larger drizzle droplets. These
larger drops are present at more considerable distances from
the level of their generation via autoconversion and falling
out of the cloud base through subsaturated air.
[20] This distinction between two regimes with respect to

cloud accretion by drizzle is also maintained with respect to
the velocity power law (3). In general, the terminal velocity
for droplets smaller than about 30 mm in radius is represented
by (3) with b = 2 (the Stokes regime), while the value of b
progressively decreases for larger droplets, becoming close
to 1 for r around 60–80 mm. For example, the average relation
suggested by Comstock et al. [2004] uses b = 1.4. Here, two
different power law relationships for terminal velocity are
used which better approximate separately the very small
drizzle droplet regime (ACC1: a = 7.637·105 m−0.5 s−1, b =
1.5) and the one for larger drops (ACC2: a = 4.538·104 m−0.2

s−1, b = 1.2). This artificial separation of the accretion process
in two distinct regimes, each with unique power law relation-
ships for accretional growth and terminal velocity, allows the
use of the solution (4) with (5) in the analytical study of the
drizzle spectrum evolution when controlled mainly by one of
the two regimes.
[21] Therefore, the first stage of the evolution of the newly

formed drizzle spectrum can be approximately described
using (4) with (5), with the parameters A(z) and B from

(2) replaced with the terms from (8a), i.e., A(z) = C1LWC(z),
leading to W = C1LWP (where LWP is the liquid water path
in the layer z0 − z), and B = 4. Then from (5), the spectrum
at a level z located at a small distance below the initiation
level z0 is obtained from the initial spectrum with

fr;z ¼ 1þ 3� �

�
Wr3��

� ��1= 3��ð Þ
: ð9Þ

Since the droplet sizes corresponding to the ACC1 are not
very far from the Stokes regime, the exponent of the velocity
power law can be put in the form b = 2 − d, with d positive,
but less than 1. This leads to the following approximation:
fr,z ≈ 1 −(1/a)Wr1+d. Then, the spectrum at z represents the
initial spectrum displaced by Dr ≈ −(1/a)Wr2+d and multi-
plied by the factor f r,z

6−d ≈ 1 −[(6 − d)/a]Wr1+d. Consequently,
for small W, only a very tiny change with respect to the
initial spectrum is expected for the small r considered (Dr→
0, f r,z

6−d → 1), resulting from a very slow growth by accretion
at these sizes. However, the spectrum modification increases
relatively rapidly with increasing r as we can expect from
rapidly rising collection efficiency and velocity. It leads to a
broadening of the spectrum due to a progressive advancement
of the larger droplet tail toward increasing r.
[22] Some error in our modeling of the drizzle evolution

under the growth regime ACC1 is introduced due to: (1) the
neglecting of the effects of the growth by condensation,
which may have some small impact on the evolution of the
smaller droplet tail; (2) the assumption about zero air motion;
and (3) the neglecting of a turbulence effect. For the larger
drizzle droplets growing under the ACC2 regime, the error
introduced by these three factors is expected to be much
smaller.
[23] A different evolution of the individual drizzle PSD is

expected for drizzle that is already developed and grows by
a continuous cloud accretion ACC2. From (8b), this growth
process is described by the parameters A(z) = C2LWC(z),
leading to W = C2LWP, and B = 1. Then, (5) becomes:

fr;z ¼ 1� �

�
Wr��

� �1=�
: ð10Þ

The terminal velocity of droplets growing via ACC2 may be
described by a power law that is close to the linear relation.
Then, we can write b = 1 + d with d close to 0, leading to
this approximate expression: fr,z ≈ 1 −(1/a)Wr−(1+d). For d ≈
0, the modified spectrum is obtained by a translation of
the initial spectrum that is size independent: Dr ≈ −(1/a)W.
The multiplication factor becomes fr,z

2+d ≈ 1 −(2/a)Wr−1, and
represents the reduction of the concentration decreasing
slowly with r increasing.
[24] During this stage of the accretional growth, the fact

that the drizzle self‐collection process is not taken into
account may introduce some error, mainly for heavily
drizzling cases.
3.2.2. Drizzle Evaporation
[25] The drizzle droplet evaporation process EVP below

the cloud base is described for small droplets (smaller than
about 30 to 50 mm radius) with negligible ventilation effect,
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by the rate of size change that is inversely proportional to
the size. However, for larger droplets, the value of the
ventilation factor increases. For example, droplets with r =
150 mm falling at 1.17 m s−1 near the ground have a ven-
tilation factor around 2, depending slightly on the thermo-
dynamical conditions (the droplet Reynolds number, Re, of
around 23, introduced to the relation given by Rogers and
Yau [1989]: 0.78 + 0.28Re1/2 gives ventilation factor
slightly larger than 2). Here, the ventilation factor is taken as
an approximate power law form ( fven = avenr

bven with aven =
440m−0.6 and bven = 0.6) that underestimates a little the
ventilation effect for r < 30–40 mm. The relation (2) for
PRC = EVP is then written as:

dr

dt

����
EVP

� S � 1ð Þ�1avenr�1þbven ; ð11Þ

where S is the saturation ratio, and x1 is a function of tem-
perature and pressure (given for example by Rogers and Yau
[1989]). From the last relation, we can describe the evapo-
ration process with A(z) = [S(z) − 1]x1(z)aven, leading to
W = aven

R z
z0
[S(z) − 1]x1(z)dz < 0, and B = −1 + bven. For

a drizzle spectrum composed of small droplets only, aven = 1
and bven = 0 have to be taken. The expression describing the
function fr,z in (5) for evaporation is:

fr;z ¼ 1� 2þ � � bven
�

Wr� 2þ��bvenð Þ
� �1= 2þ��bvenð Þ

: ð12Þ

For b ≈ 1 and bven ≈ 0, we have fr,z ≈ [1 −(3/a)Wr−3]1/3 ≈
1 −(1/a)Wr−3 > 1 since W < 0. Therefore, the initial spectrum
would evolve by displacing toward the smaller sizes since
Dr ≈ −(1/a)Wr−2 > 0 decreases rapidly with r increasing.
The multiplication factor would be close to 1.

3.3. Doppler Spectrum Evolution Deduced From the
Drizzle PSD Modifications Controlled by Microphysics

[26] Using a general power law relation (3) for Vf in the
Rayleigh regime, the Doppler spectrum at a height z can be
written as:

S Vf ; z
� � ¼ S r; zð Þ ¼ Cten r; zð Þf rð Þ; with f rð Þ ¼ r7��= ��ð Þ:

ð13Þ

where the value of the constant Cte is a function of the used
radar wavelength and the refractive index, and that can be
dropped when discussing the Doppler spectrum [Atlas et al.,
1973]. Therefore, any moment of the Doppler spectrum is
directly proportional to the PSD moment of order higher by
7 − b. This means that the contribution to the Doppler
spectrum of the larger droplets rapidly increases with size.
[27] Inside a cloud, n(r, z) is composed of the cloud and

drizzle modes. In this study, the part describing the drizzle
mode is represented as a superposition of spectra injected
progressively at different levels. The evolution of each of
these distributions is calculated independently according to
(4) starting from the injection level proper for each distri-
bution. This evolution is based on the assumption that the
selected unique power law relations for terminal velocity,
and one of the two accretion rates or ventilation factor are
valid for the whole distribution. Since these power laws are
a good approximation over a limited range of droplet sizes

only, the contribution of the droplets that are outside of the
corresponding subrange must be insignificant for the simu-
lated layer. This imposes a limitation for the size domain of
the initial PSDs and the vertical extension of the studied
cloud layer.
[28] The cloud contribution to n(r, z) in (13) is calculated

assuming that the cloud droplets follow a lognormal distri-
bution (given in (14) below) with a prescribed dispersion
parameter s (0.33) and total concentration Ntot, varying for
maritime (100 cm−3) and continental polluted clouds (500
cm−3). The characteristic size r0 is determined at each level
from the cloud LWC profile which is prescribed in the form
LWC(z) = fad LWCad(z). The adiabaticity factor fad is calcu-
lated using the function proposed by Chin et al. [2000]. The
cloud LWC and cloud droplet number concentration are also
used to estimate the number concentration autoconversion
rate [Wood, 2005], allowing the evaluation of the injected
total number concentration of the initial distributions for each
individual drizzle spectrum. The drizzle growth via accre-
tion is expressed as a function of LWC only as given in (8a)
and (8b).
[29] The predicted microphysical evolution of the total

drizzle spectrum and the cloud droplet PSD are introduced
in the simulator to calculate the expected Doppler velocity
spectrum and its different moments.
[30] For a given simulated layer, the initial input drizzle

PSDs are represented by a lognormal (e.g., as in work by
Frisch et al. [1995]) or generalized gamma function:

n rð Þ ¼ Ntot

ffiffiffiffiffiffi
2�

p
 ��1
	rð Þ�1exp �0:5 ln r=r0ð Þ=	½ �2

n o
ð14Þ

n rð Þ ¼ Ntot



G �þ 1ð Þ=
ð Þ r
� �þ1ð Þ
n r� exp � r=rnð Þ
½ � or

n rð Þ ¼ N0r
� exp � r=rnð Þ
½ � ð15Þ

The generalized gamma (GG) function includes, besides the
three parameters describing the standard gamma distribution
(total number concentration Ntot or intercept parameter N0,
characteristic size rn and shape parameter m), an additional
dispersion parameter g that mainly controls the distribution of
larger droplets, called the tail parameter [Xie and Liu, 2009].
The GG function has been used to describe the cloud droplet
size distribution [e.g., Tampieri and Tomasi, 1976; Lim and
Hong, 2010], raindrop PSD [e.g., Szyrmer et al., 2005] and
precipitating ice [e.g., Delanoё et al., 2005].
[31] The choice of the PSD functional form (14 or 15) and

the selected set of its parameters is the one that generates at
the top level of the simulated layer all Doppler moments of
interest (from reflectivity to kurtosis) close to the average
observed values corresponding to the given conditions. Here,
we want to show that starting with this distribution, the PSD
evolution under a given microphysical process assuming
appropriate environment, is close to the observed tendencies.

4. Modeling Results and Doppler Radar
Observations

4.1. Early Drizzle Growth (Near Cloud Top)

[32] Taking a cloud layer near cloud top where the first
drizzle precursors are generated by autoconversion, the
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parameterization for ACC1 can be applied since we can
assume the absence of larger droplets. A fallen distance of
40 m is considered sufficiently small to have not yet gen-
erated the larger droplets for which the kernel and velocity
parameterizations are no longer valid. This growth represents
the transition regime described in section 2, where the drizzle
begins to affect the parameters of the Doppler spectrum.
Starting from the uppermost level of the layer, a new distri-
bution of droplets freshly transferred to the drizzle category is
introduced every 5 m, and then evolves according to (4) with
(9). The size distribution of freshly injected drizzle has a
lognormal formwith logarithmic width of 0.15 and geometric
mean radius of 30 mm. The total number concentration of the
topmost drizzle PSD is equal to 5.3·103 m−3. The curves
presented in Figure 4a show the total predicted droplet size
distribution every 10 m. Each line represents the sum of the
cloud distribution and superposition of all the drizzle spectra
that are input above or at a given cloud level. As predicted by
(4) given (9) for an individual spectrum, the changes are
rather small for smaller drizzle droplets and increase pro-
gressively with r. This effect is amplified in the Doppler
spectrum calculated by the simulator as shown in Figure 4b.

Figures 4c–4g present the vertical changes of the five Doppler
spectrum parameters calculated by the simulator.
[33] This example has been obtained assuming continental

cloud conditions and should then describe the average
behavior observed around −24 to −22 dBZ for the continental
cases shown in Figure 1. In fact, the results compare well for
the first three parameters (velocity, width and skewness): in
both the model and observations, they present a slow increase
as the drizzle grows (i.e., as the reflectivity increases and the
drizzle impact on the Doppler spectrum becomes more
apparent). As for the kurtosis, no clear behavior can be drawn
from either the observations or the simulations in that range
of reflectivities. Nonetheless, an average value above three
was found, which relates well with the observations.

4.2. Growth by Accretion of the Well‐Developed
Drizzle

[34] The presence of heavy drizzle in deep clouds (marked
by reflectivity higher than about 0 dBZ) completely dom-
inates the Doppler spectrum, and different tendencies with
increasing reflectivity can be noticed for continental and
maritime clouds as discussed in section 2. The Doppler

Figure 4. (a) Evolution of the continental PSDs near the cloud top, as modeled considering only the
ACC1 process. (b) Simulated radar Doppler spectra corresponding to those PSDs, where no air motion
and a turbulence width of 0.2 ms−1 were assumed. (c–g) Evolution of the five Doppler spectrum para-
meters, as computed by the simulator.
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velocity increases more rapidly in maritime than in conti-
nental clouds, with a spectrum broadening observed only in
the maritime clouds. This broadening is even accompanied
by the skewness becoming more negative, while it stays
rather constant for the continental clouds. To have some
insight into the microphysical causes of the observed dif-
ferences, we perform the calculations of the spectra evolu-
tion within two clouds having the same constant LWC but
with different droplet number concentrations: 100 cm−3 and
500 cm−3 for maritime and continental, respectively. In both

cases, the first drizzle PSD at the layer top produces similar
reflectivity (just above 0 dBZ), but with slightly larger
Doppler velocity and width in the maritime clouds to be in
agreement with the climatology shown in Figure 1. In both
cases, the PSD is described by a GG function with the same
characteristic radius equal to 165 mm and the shape
parameter m = 0. The difference in the spectra width is
obtained by setting the tail parameter to 3 and 5 respectively
for maritime and continental clouds. The value of the
intercept parameter is 1.2·107 m−4 in maritime PSD, and

Figure 5. Evolution of the (a) maritime and (c) continental PSDs when drizzle is well developed in the
cloud, as modeled considering only the ACC2 process. (b, d) Simulated radar Doppler spectra correspond-
ing to those PSDs, where no air motion and a turbulence width of 0.2 ms−1 were assumed. (e–i) Evolution
of the five Doppler spectrum parameters, as computed by the simulator. The solid and dashed lines are for
the maritime and continental PSDs, respectively.
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2.4·107 m−4 in continental PSD. Every 40 m, a new drizzle
PSD is introduced. All the initial spectra are assumed to be
already sufficiently developed to be described by the ACC2
parameterization (their characteristic radius is set to 65 and
60 mm respectively in maritime and continental case). This
means that we neglect the contribution to the Doppler
spectrum of the drizzle droplets newly generated just at and
above a given level that evolves via ACC1. The results are
shown in Figure 5. The main difference is in the intensity of
the introduced PSDs within the simulated cloud layer:
almost negligible in the continental case and much more
important in the maritime. This difference results from the
dependence of the autoconversion rate of the number con-
centration on the cloud droplet concentration prescribed for
the two clouds. The growth of the PSD and the Doppler
spectrum evolution at the larger droplet tail is very similar in
the two cases since the accretional growth is mainly a
function of the cloud LWC, and identical for both. However,
the continuous addition to the initial spectrum of the new
spectra due to the autoconversion still active in the maritime
clouds, leads to a continuous increase of the total spectrum
width and a skewness growing more negative, while these
two parameters are constant throughout the continental

growth (see Figures 5g and 5h), as observed previously in
Figure 1.
[35] Nevertheless, a more rapid increase of mean Doppler

fall velocity with radar reflectivity in the maritime than in
the continental clouds is not obtained. As discussed in
section 2, this increase could be a consequence of the for-
mation of larger droplets via the self‐collection between
drizzle droplets, not taken into account in the simulated PSD
evolution. Using the proposed parameterization of self‐
collection [Beheng, 1994], the average rate of self‐collection
in our simulated maritime case is about 0.1 m−3 s−1.
Assuming an average velocity of 1 m s1, a rough estimation
then gives 10 collision events during 100 m distance fallen.
The enhancement of the self‐collection ratio can be from
turbulence and also an increase of collision probability can
be expected due to a rather wide PSD of drizzle in the
maritime case.

4.3. Evaporation Below Cloud Base

[36] To model the drizzle Doppler spectrum below the
cloud, we assume a column located at some small distance
below the cloud base with only a drizzle PSD present at the
column top. The imposed gradient of relative humidity is

Figure 6. (a) Evolution of the drizzle PSDs below a cloud, as modeled considering only the EVP process.
(b) Simulated radar Doppler spectra corresponding to those PSDs, where no air motion and a turbulence
width of 0.2 ms−1 were assumed. (c–g) Evolution of the five Doppler spectrum parameters, as computed
by the simulator.
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0.36 km−1 corresponding to temperature of 15°C [Comstock
et al., 2004]. To choose the shape of the initial spectrum, we
tried the lognormal and generalized gamma functions with
different dispersion parameters. An important variability of
the Doppler moments has been obtained depending on the
choice of the parameter sets defining the size distribution. A
variability of observed profiles below the cloud base can be
also noticed in Figure 2. In Figure 6, we present the results
obtained with the initial spectrum taken as a generalized
gamma distribution with shape parameter −1 and the tail
parameter equal to 5, the characteristic radius is 150 mm and
the value of 650 m−3 is taken as intercept parameter. The
calculated evolution of the Doppler spectrum parameters,
shown in Figures 6c–6g, represents some of the below cloud
profiles observed in Figure 2.
[37] The vertical changes of the evaporating drizzle PSD

as deduced from (4) with (12) are presented in Figure 6a.
The modifications of the spectrum are similar to the evo-
lution of the evaporating light rain PSD calculated by Li and
Srivastava [2001]. The larger droplet tail stays almost par-
allel to its initial form. An upward tilt maintained for the
smallest droplets is due to the rapid decrease of the terminal
velocity with decreasing size, and therefore increase of their
concentration from flux number conservation. In general,
the effect of evaporation increases with the progressive shift
of the PSD toward the smaller sizes.

5. Summary

[38] The recording of the full radar Doppler spectrum is
now a common approach in profiling cloud radars, and is
certainly the standard for all ARM profiling radars since
2004. The argument for recording the full radar Doppler
spectrum, despite its impact on data volume, is our belief
that the decomposition of the radar return as a function of
observed Doppler velocities offers new opportunities for the
study of cloud and precipitation microphysics and dynamics.
This potential needs to be exploited systematically, especially
in simple cloud systems such as liquid stratiform drizzling
clouds. A proposed method for accomplishing this is through
the careful use of radar Doppler spectra forward modeling
and 1‐D microphysical modeling. In part 1, new parameters
that describe the radar Doppler spectrum were introduced
and their application to remote sensing was discussed. Fur-
thermore, the expected behavior of the radar observations in
the transition regime from cloud‐only to drizzling cloud
observations was presented. It is important to note that the
presence of nonlinear wind shear within the radar sampling
volume can produce asymmetries (e.g., positive and nega-
tive skewness) in the radar Doppler spectra. This partially
explains the observed variability of the radar Doppler
moments seen in Figure 1. However, the dynamically
induced asymmetries are short‐lived and a 30 s low‐pass
filter of the high‐resolution radar Doppler moments is suf-
ficient to filter them out and only the lower‐frequency
microphysical signatures are maintained. In this study,
comprehensive radar observations that reasonably agree with
the expected behavior are presented. Furthermore, micro-
physical modeling coupled with a radar forward model is
used to link observations with models, and address several
noticeable features in the observations.

[39] A comprehensive comparison of continental and
maritime radar observations was presented. The observed
trends of the radar Doppler spectra moments as a function
of radar reflectivity exhibit several similarities. However, a
few noticeable differences were found and successfully
explored using modeling. In the modeling study, representing
drizzle PSDs within a cloud as a combination of individual
spectra related to populations of droplets grown from cloud
droplets into embryonic drizzle droplets at different in‐cloud
levels via two distinct regimes of accretional growth and
terminal velocity are important simplifications. Our objec-
tive here is only to show the link between the microphysical
processes and the observed pattern of the five radar Doppler
spectrum parameters, rather than to try to model the drizzle
microphysics, which would require a more advanced study of
the relations and simplifying assumptions used. For example,
the autoconversion as drizzle initiation process, an artifact
of size distribution separation into two regimes, is subject to
important uncertainty. The comparison of the autoconversion
rate calculated using different proposed parameterizations
shows very large discrepancy [e.g., Hsieh et al., 2009].
Moreover, turbulence effects have to be included. That being
said, the combination of microphysical modeling, forward
modeling and observations successfully interprets observed
differences between continental and maritime clouds.
[40] The transformation of the microphysical model output

to radar Doppler spectrum and related radar observables
(e.g., spectrum width and skewness) offers a methodology
for interpreting radar observations and for improving micro-
physical modeling. This closed loop process offers new
venues for examining cloud microphysics and dynamics at
very small scales. The continuous recording of radar Doppler
spectra from all the profiling cloud radars makes such
observations widely available to the scientific community.
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